We have used a set of seven temperature-sensitive mutants in the DNA polymerase I gene of Saccharomyces cerevisiae to investigate the role of DNA polymerase I in various aspects of DNA synthesis in vivo. Previously, we showed that DNA polymerase I is required for mitotic DNA replication. Here we extend our studies to several stages of meiosis and repair of X-ray-induced damage. We find that sporulation is blocked in all of the DNA polymerase temperature-sensitive mutants and that premeiotic DNA 81, and 82 (8, 42). Although these enzymes were first identified and purified many years ago, the precise role of each polymerase in various aspects of DNA metabolism, such as replication, repair, and recombination, is controversial (8). Studies of this question have been limited due to the absence of mutants totally defective in any of the polymerases. Saccharomyces cerevisiae contain analogs of both DNA polymuerases a and the b-type enzymes and offer an ideal genetic system in which to explore the cellular functions of these polymerases (8).
first identified and purified many years ago, the precise role of each polymerase in various aspects of DNA metabolism, such as replication, repair, and recombination, is controversial (8) . Studies of this question have been limited due to the absence of mutants totally defective in any of the polymerases. Saccharomyces cerevisiae contain analogs of both DNA polymuerases a and the b-type enzymes and offer an ideal genetic system in which to explore the cellular functions of these polymerases (8) .
A comparison of the metazoan and yeast polymerases is shown in Table 1 . It is now clear that DNA polymerase I of S. rerevisiae is the counterpart of DNA polymerase a, the conserved subunit structure being the key reason for concluding this (8) . DNA polymerase a has been implicated in replication because it is inhibited by aphidicolin, an inhibitor of cellular replication, and because a mouse carcinoma cell line containing a thermolabile DNA polymerase a is also temperature sensitive for DNA replication (16) . We have confirmed the requirement for DNA polymerase a in chromosomal replication by cloning the yeast POLI gene, showing the gene disruptions are lethal, and deriving conditional lethal mutants which show gross defects in DNA synthesis (5, 22) .
Recent evidence suggests that DNA polymerase a may not be the sole polymerase involved in eucaryotic DNA replication, however. At least one form of DNA polymerase 8 may also be required. The evidence, while compelling, is indirect in that it relies on the use of differential inhibitors in permeabilized cells and on the requirement for an accessory subunit, rather than the catalytic subunit of DNA polymerase 8, in simian virus 40 DNA replication in vitro (4, 14, 32, 41) . One major difference between these b-type polymerases and DNA polymerase a is the existence of an apparently intrinsic 3'-to-5' "proofreading" exonuclease in each of the b-like enzymes. The putative yeast analogs of DNA poly-* Corresponding author. merase 8 are DNA polymerases 11 (9, 43, 44) and III (7), though neither DNA polymerase b nor DNA polymerase II or III has been well enough characterized yet to warrant a definitive statement on the extent to which the species correspond (7, 13, 25, 42; M. E. Budd and J. L. Campbell, unpublished data). Thus, a critical question in eucaryotic DNA replication today is to. what extent each of these polymerases participates in mitotic replication, meiotic replication, repair, and recombination; yeast cells should be useful in answering this question.
Recently, we described a set of seven temperature-sensitive mutants of DNA polymerase I (5). The first set of experiments in the present paper shows that only one of these mutants, poll-1 7, appears to have the stringency required to test critically the in vivo functions of DNA polymerase I. As reported previously, the poll-17 mutants show first-cycle arrest; cells do not divide after shift to the nonpermissive temperature, consistent with a defect in the elongation stage of replication (5) . More than 99% of the cells arrest with the dumbbell morphology of a cdc mutant with a defect in S phase. In vivo measurements of residual DNA synthesis show a greater defect in this mutant than in any of the other six studied (this work). Finally, biochemical analysis has failed to detect any DNA polymerase I activity during extensive fractionation of extracts of poll-17 cells, even when extracts are assayed at the permissive temperature (6) . The remainder of the experiments presented below analyze the effect of the poll-17 mutations on meiotic DNA replication, meiotic recombination, and repair of damaged DNA. Also, the site of each of the seven mutations within the POLl gene is determined by marker rescue, showing that these. processes are affected by a conscrved region of the DNA polymerase molecule.
MATERIALS AND METHODS
Strains. The genotypes of the strains are listed in Table 2 . Strains SS111 and SS111-poll(Ts) have been described previously (5) . For the meiotic experiments, POLIIPOLI, POLlIpoll(Ts), and poll(Ts)Ipoll(Ts) diploids were con-365 The number-average molecular weight (Ma) was calculated with the formula (21) yc. iMi where Ci is activity in the ith fraction. Mi is computed by using the relation (20) Mi di )2.63
where di is the distance of the ith fraction and dT4 is the distance sedimented by T4 DNA. MT4 (single stranded) = 6 x 107 (23 25 to 50% that of wild-type. poll-17 and poll-14 strains appeared to exhibit the greatest defects in DNA synthesis at 36°C. However, the amount of residual synthesis was surprising in view of the fact that five of the seven mutants, poll-]l, poll-12, poll-13, poll-14, and poll-17, show first-cycle arrest as dumbbells (5) . We wished to clarify whether the observed levels reflected synthesis by other polymerases or problems in the methodology. One problem with quantitating in vivo DNA synthesis in S. cerevisiae is that the organism lacks thymidine kinase activity, making it necessary to use uracil rather than thymidine as a radioactive precursor. Uracil labels RNA 20-fold more efficiently than DNA; consequently, if the alkaline hydrolysis of RNA into acid-soluble material is not efficient, aberrantly high levels of DNA synthesis can be recorded. To evaluate the residual synthesis more carefully, products of mitotic DNA synthesis were investigated by neutral (not shown) and alkaline velocity sedimentation.
For analysis of DNA by sucrose gradients, cells were grown to approximately 107 cells per ml at 23°C [3H]uracil was added, and cells were grown for 3 h (equivalent to about two generations) at either 23 or 36°C. Cells were converted to spheroplasts on the bottom of centrifuge tubes, followed by the addition of a 15 to 30% alkaline sucrose gradient. Figure 1 illustrates an alkaline sucrose gradient of a POLI strain and the isogenic poll-17 mutant at 23 and 36°C. The position of T4 DNA (6 x 107 daltons) is indicated by an arrow. A high-molecular-weight chromosomal DNA peak is seen in the gradient of the POLI cells at 23°C (Fig. 1A) and 36°C ( Fig. 1C ) and in the gradient of poll-17 cells at 23°C (Fig. 1B) . In contrast, no high-molecular-weight chromosomal DNA was observed in the gradient of the poll-i 7 cells labeled at 36°C (Fig. 1D) (29) .
To verify the conclusions derived from the data of Fig. 1 (Fig. 2C and D) . The fluorescence of the 1 N peak increases slightly, and the peak remains symmetrical, with an increase in fluorescence due to cells stuck in S or to mitochondrial DNA synthesis. The mutant does not reenter G2 phase, since there is no reappearance of the G2 peak in the histograms. The small reproducible shoulder at the G2 position may indicate that some cells with nearly completely replicated chromosomes cannot divide at the nonpermissive temperature.
The second class contains mutants poll-Hl, poll-12, and poll-13 ( Fig. 2E and F) . The data from poll-Hl show an initial reduction in the G2 peak, followed by gradual rightward spreading of the Gl peak, presumably indicating residual DNA synthesis. There was no reappearance of the G2 peak, indicating little conversion to 2 N chromosomes. These mutants are probably leaky, although they may be more temperature sensitive for assembly into a replication complex or holoenzyme than for elongation. This class of mutant may behave analogously to a mouse DNA polymerase a temperature-sensitive mutant (16) .
The third class of mutant is poll-14. This mutant showed an unexpected pattern of DNA fluorescence ( Fig. 2G and H) . (Fig. 3A and  B) . After 24 h in sporulation media, however, the fluorescence patterns of X488-2 POLI cells at 23 and 36°C and X488-17-2 poll-17 cells at 23°C changed dramatically (Fig.  3C, D , and E). After sporulation most of the cells fluoresce with an intensity about 50-to 100-fold greater than that of mitotic cells. Interestingly, however, when X488-17-2 poll-17 was sporulated at 36°C, only a small fraction of cells moved into the high fluorescence peak (Fig. 3F) . To test whether the appearance of the high fluorescence peak requires DNA replication, strains X488-2 POLl and X488-17-2 poll-17 were sporulated at 23°C in the presence of hydroxyurea, which has been shown in several studies to be an inhibitor of elongation during premeiotic DNA synthesis (36, 39) . Figure 3G and H illustrates that the appearance of the high fluorescence peak is significantly reduced in the presence of hydroxyurea. Thus, the appearance of the high fluorescence peak correlates with meiotic DNA replication. That poll-17 displayed a phenotype at the restrictive temperature that was very similar to the phenotype of cells blocked in DNA synthesis by hydroxyurea suggests that meiotic DNA synthesis is severely defective in poll-17 strains at 36°C.
To verify the latter conclusion, DNA content was determined during meiosis by the diaminobenzoic acid procedure of Hopper and Hall (21a) . The third column of Table 4 shows the amount of DNA synthesis at 24 h relative to time in POLl+lpoll-17 and poll-171poll-17 homozygous diploids. The POLI + strain carries out premeiotic synthesis at both 23 and 36°C, while the poll-17 mutant carries out premeiotic DNA synthesis at 23°C but not at 36°C. The result shows directly that DNA polymerase I is required for premeiotic DNA replication.
Meiotic recombination. The effect of the poll-] 7 allele on meiotic recombination was studied with an interrupted meiosis experiment (38) . The "isogenic" strains X488-2 POLI and X488-17-2 poll-17 contain hisl-l/hisl-7 heteroalleles, allowing one to follow meiotic gene conversion by removing cells from sporulation medium, plating onto histidine-deficient medium, and assaying for HIS' prototrophs. After incubating these POLl and poll-i 7 diploids for 12 h at 23°C in sporulation medium, the frequency of HIS' prototrophs increased about 200-fold in both strains. Sporulating the POLI strain at 36°C also resulted in a 200-fold increase in HIS' prototrophs after 24 h. However, after sporulating the poll-17 strain at 36°C for 24 h, the number of HIS' prototrophs increased by only fourfold ( remain defective in sporulation in the spol3-1 background. Thus, in the absence of the first reductional division, there is still a requirement for DNA polymerase I in meiosis. In summary, this set of experiments show that, as in the mitotic cell division cycle, neither DNA polymerase II nor DNA polymerase III can compensate for the absence of DNA polymerase I in meiotic gene conversion or completion of meiosis.
Role of DNA polymerase I in repair. Originally, experiments showing that aphidicolin inhibited repair of X-rayinduced single-strand breaks in mammalian cells were interpreted as showing that DNA polymerase a was the DNA repair polymerase. However, aphidicolin also inhibits DNA polymerase 8, and recent studies that used other approaches have suggested that DNA polymerase 8, and perhaps 3, are involved in repair. To help resolve the question of which polymerase(s) carries out repair, we have studied the ability of the poll-i 7 mutant to repair X-ray-induced damage. Since the POLI gene is essential, survival at the nonpermissive temperature could not be used to assess sensitivity of the poll-17 mutant to radiation. Instead, actual physical repair of breaks had to be assessed. To establish conditions for introducing X-ray damage, irradiated cells were first analyzed qualitatively by orthogonal field gel electrophoresis. The strains used were isogenic POLl and poll-17 diploids. Cells were grown to log phase, harvested onto nitrocellulose filters, and irradiated with 30 krads. They were subsequently incubated in YPD medium at 36°C for 3 or 6 h. The unirradiated cells gave rise to bands corresponding to the individual chromosomes. Irradiation led to a smear of lowmolecular-weight DNA. Incubation following irradiation restored the original pattern, although considerable smearing remaining after a 6-h incubation. Surprisingly, repair appeared to occur to the same extent in both POLI and poll -I 7 (data not shown).
To confirm and quantitate this, repair was analyzed by alkaline velocity sedimentation. Alkaline sucrose gradients measure primarily single-strand break repair because the ratio of X-ray-induced single-strand breaks to double-strand breaks is approximately 10:1 (3, 10, 34). Cells were grown for 17 h in the presence of [3H]uracil to label the DNA and irradiated as in the experiments just described. They were then incubated for 0, 1, or 2 h to allow repair, harvested, converted to spheroplasts, and then lysed on the bottom of a nitrocellulose tube. A 15 to 30% alkaline sucrose gradient was then pumped into the tube. The sedimentation properties of the DNA are illustrated in Fig. 4 . The 30-krad X-ray dose reduced the chromosomal DNA of the POLI strain (31) . Isogenic diploid strains were used for X-ray survival studies of POLI and poll-i 7 at 30°C. Strains SS111 POLl and SS111 poll-17 were diploidized by transforming each strain with a plasmid carrying the HO gene under GAL control. HO endonuclease was induced by addition of galactose followed by mating. After irradiation, cells were incubated at 30°C, a semirestrictive temperature for poll-17 cells. There was no significant difference in survival between POLl and poll-17 diploids after a dose of 36 krads (20% for POLI versus 19% for poll-17). (It is also worth noting that the poll-17 mutant survived the doublestrand break introduced by HO endonuclease during diploid formation.)
The UV survival of isogenic POLI and poll-17 haploids was also determined. After UV irradiation at 1.5 J/m2, cells were incubated at 30°C for 24 h followed by incubation at 23°C. (Fig. 5) . No papillation occurred in any poll(Ts) mutant when cells were transformed with the parental vector pSEY8. Only one fragment, in fact, pSEY8-C, carrying the internal EcoRI-XhoI fragment of POLI, allowed papillation, suggesting that all of the mutations were located in this portion of the gene. Furthermore, the finding that the insert in plasmid pSEY8-D, which overlaps the insert in pSEY8-C, does not allow papillation in any mutant placed all of the poll(Ts) mutations in the 1,096-base-pair EcoRIHindIII fragment of POLI (see reference 30 for coordinates).
The EcoRI-XhoI (fragment C) region was further subdivided and subcloned as shown in Fig. 5 , and marker rescue was carried out as above. The poll-i 7 mutation was mapped to the HpaI-HindIII fragment. The poll-13 and poll-14 mutations were mapped to the ClaI-EcoRI fragment. The poll-15 mutation was mapped to the EcoRI-SalI fragment. The fine-structure mapping of the poll-li and poll-12 mutations were more ambiguous than that of the poll-13, poll-14, poll-15, and poll-17 mutations. Both plasmids pSEY8-ClaIHindIII and pSEY8-ClaI-EcoRI, which carry restriction fragments that are adjacent but nonoverlapping in the POLI gene, rescued the poll-lI and poll-12 strains. poll-l] strains that were rescued with the EcoRI-ClaI fragment, however, grew into normal sized colonies, while strains rescued with the ClaI-HindIII fragment gave rise to very small colonies. It thus appears that the temperature-sensitive phenotype in the poll-12 and poll-li mutants results from changes in both the EcoRI-ClaI and ClaI-HindIII regions of the POLI gene. In the poll-li strain, mutations in the EcoRI-ClaI region contribute predominantly to the temnperature-sensitive phenotype. In summary, the fine-structure map reveals that the 376-base-pair EcoRI-ClaI region appears to be the most susceptible target for creating poll(Ts) mutants. However, the tightest mutation at 36°C, poll-17, lies outside the EcoRI-ClaI fragment. This region coincides with the proposed catalytic core of the polymerase as determined by sequence comparisons among yeast DNA polymerase I, human DNA polymerase a, and the herpes simplex virus DNA polymerases (45) . poll-li, poll-13, poll-14, and poll-15 fall in region II, while poll-17 falls in region III (45 (14, 15, 27) . The difference in amount of residual synthesis observed in poll mutants and in the presence of DNA polymerase a inhibitors can best be explained by the fact that the inhibitors functionally inactivate DNA polymerase a, leaving the polypeptide intact. In the temperature-sensitive mutants we describe, on the other hand, thermal inactivation of the DNA polymerase I (a) polypeptide apparently leads to inactivation of the whole replication complex and neither polymerase II nor III can carry out measurable synthesis under these conditions.
It is important to emphasize that we do not wish to imply that the absence of DNA synthesis in the poll-17 mutant suggests that DNA polymerase a is the sole polymerase involved in yeast chromosomal replication. In fact, we would like to directly test the hypothesis, based on data implicated DNA polymerase 8 in mammalian cell replication, that DNA polymerase II or III or both do participate. Our results are consistent with this idea if we propose that the nature of the poll-] 7 mutation leads to disruption of the replication fork, or at least to disruption of essential interactions between the two polymerases. The requirement for two polymerases at the replication fork is best rationalized in the "trombone" model, which suggests that interaction of two DNA polymerase molecules is required for orderly propagation of both the leading and the lagging strands (40) . However, it is also possible that one polymerase is involved in initiation and another in elongation.
DNA polymerase I mutants that do not affect elongation would be important to isolate. Eki et al. (16) , using a mouse carcinoma cell line with temperature-sensitive DNA polymerase a activity, found that elongation of preexisting replicons proceeding normally at the restrictive temperature, but that the frequency of replicon initiation decreased, suggesting a defect in assembly of replication complexes. Similar mutants have been obtained in yeast cells. They do not arrest in the first cell cycle after transfer to the restrictive temperature but, rather, synchronously in the second cell cycle (26) . Since marker rescue presented in this paper shows that all of our mutations fall in the catalytic portion of the DNA polymerase I protein, other types of mutants should be sought by directing mutagenesis to the N-or C-terminal portion of the protein (26, 45) .
The data of tion in the absence of DNA polymerase I. When meiotic DNA replication was analyzed by using acriflavine fluorescence of DNA, we unexpectedly observed that fluorescence increased about 100-fold after sporulation. Nevertheless, the acriflavine fluorescence change appears to be dependent on premeiotic DNA replication because it is significantly inhibited in wild-type cells by hydroxyurea, an inhibitor of DNA replication. The appearance of the highly fluorescent peak is also significantly inhibited when poll-17 diploids are incubated in sporulation medium at 36°C. The acriflavine fluorescence data are consistent with the diaminobenzoic acid fluorescence data, showing that DNA polymerase I is required for meiotic DNA replication. Furthermore, the data of Table 5 show that DNA polymerase I is required for meiotic gene conversion. Thus, DNA polymerase I is required for sporulation and meiotic gene conversion, in addition to replication, and neither DNA polymerase II nor III can compensate.
Since flow cytometric studies of meiosis in yeasts have not been reported previously and since the stoichiometric relationship between acriflavine fluorescence and DNA content is apparently not maintained through meiosis, the experiment was repeated with a different DNA dye, olivomycin. Olivomycin, when complexed with magnesium ions, preferentially binds to G-C base pairs by a nonintercalating, noncovalent mechanism (12) . Ethanol-fixed cells can be stained directly with olivomycin, and the sample can be measured while still in the dye solution (24) . Mitotically dividing cells stained with olivomycin yielded DNA content histograms identical to those obtained with the acriflavine staining procedure. However, when strain X488-2 was sporulated at 23°C, the mean single-cell fluorescence decreased by about half, and the fluorescence distribution consisted of two peaks: a sharp peak at a fluorescence half as intense as the 2 N mitotic peak, and a broad distribution spanning fluorescence intensities between 2 N and 4 N. When X488-2 was sporulated at 36°C, the mean single-cell fluorescence approximately doubled, but the distribution was very broad, spanning intensities from 2 N to 8 N. Thus, neither acriflavine nor olivomycin fluorescence maintain a constant stoichiometric relationship with DNA content during sporulation, perhaps due to changes in chromatin structure. Further analysis of this interesting possibility will require a separate study.
Another important and surprising finding of our studies was the ability of the poll-17 mutant to carry out repair of X-ray-induced single-strand breaks. In spite of the severe replication defect in the poll-17 mutant and apparent tightness of the mutation, we were not able to show a defect in the mutation in repair of X-ray-induced damage at any temperature. Thus, DNA polymerase I seems to be dispensable for repair of strand breaks and presumably DNA polymerase II or III or both play the role of the repair polymerase. This is in keeping with recent drug inhibition studies in mammalian cells. Dresler and Kimbro (15) found that UV-induced repair synthesis is permeable human fibroblasts was more sensitive to ddTTP than was isolated DNA polymerase a. They also observed that repair synthesis in permeable fibroblasts was more resistant to N2-(p-n-bu- 
